Abstract Introduction: CD137L is a member of the tumor necrosis factor superfamily that provides a costimulatory signal to T cells. In this study, two novel CD137L fusion proteins were produced and compared with the CD137 agonist antibody 2A. Materials and Methods: Murine CD137L was linked to the COOH terminus of either the Fc fragment of immunoglobulin (untargeted version) or TNT-3 (targeted version), an antibody that binds to necrotic regions of tumors. Groups of mice bearing established Colon 26 tumors were then treated daily Â5 with each fusion protein or 2A to determine their immunotherapeutic potential. Results: Both fusion proteins retained CD137L activity in vitro and TNT-3/CD137L showed tumor-binding activity by biodistribution analysis in tumor-bearing mice. The fusion proteins also produced similar responses in vivo at the 1 nmol per dose range and showed a 60% (TNT-3/ CD137L) or 40% (Fc/CD137L) survival of treated mice at 150 days after tumor implantation, similar to the effects of 2A. Morphologic and immunohistochemical analyses showed massive central necrosis and infiltration of granzyme B^positive cells in necrotic areas and viable peripheral regions of treated tumors. Finally, cell depletion studies showed that CD137L-mediated tumor regression was CD8 + Tcell dependent. Conclusions: From these studies, it was determined that both targeted and untargeted CD137L fusion proteins showed effective antitumor activity, but that the targeted version was more potent. Therefore, the use of the natural CD137 ligand is a promising approach to the treatment of solid tumors by virtue of its ability to produce physiologic costimulation within the tumor, limiting side effects often seen with agonist antibody therapies.
T-cell anergy is one of the major impediments to the ability of the immune system to eradicate established tumors (1 -4) . To elicit an effective T-cell response, the engagement of the T-cell receptor by MHC-peptide complex needs to occur in the setting of a second signal provided by costimulation (5) . The B7/CD28 interaction has been widely studied as the primary pathway for costimulatory activation of resting T cells (6, 7) . Recently, however, signaling relayed through CD137 and other members of the CD28 and tumor necrosis factor receptor (TNFR) families have received broad attention as additional mechanisms for the induction of potent T-cell effector functions (8, 9) . CD137 (4-1BB) and its natural ligand CD137L (4-1BBL) are members of the TNFR/TNF superfamily (10 -12) . CD137 is transiently expressed primarily on activated T cells (13, 14) , whereas CD137L has been found on activated antigenpresenting cells (10, 15 -17) . Although the engagement of CD137 by CD137L provides costimulation to both CD4 + and CD8 + T cells (18 -20) , evidence indicates that costimulation has a more profound effect on CD8 + T cells (21) . In experiments using a CD137 agonist antibody or cells constitutively expressing CD137L (18, 21 -31) , CD137 engagement was shown to regulate T-cell number and functions, including the secretion of cytokines (19, 21, 22, 32, 33) , prevention and reversal of established anergy of CD8 + CTL (28) , and prevention of activation-induced cell death through nuclear factor-nB activation, which further induces Bcl-xL, Bfl-1, and c-FLIP via the phosphatidylinositol 3-kinase and AKT/protein kinase B pathways (34, 35) . Importantly, systemic administration of an agonistic anti-CD137 monoclonal antibody can eradicate established s.c. tumors in mice (25) , and tumor cells expressing CD137L have induced tumor lytic T cells and facilitated T-cell -mediated antitumor immunity in different mouse models (24, 26, 31, 36) .
Given the usefulness of CD137 signaling in tumor immunotherapy, successful delivery and retention of CD137L may produce potent antitumor effects in solid tumors. Although most investigators are currently using antibodies to achieve costimulation in vivo, we have chosen to study the effects of natural ligands to deliver missing costimulatory signals to the immune system. As shown by clinical studies with anti-CTLA-4, the use of long-acting and high-avidity antibodies often produces significant toxicity (37) . Moreover, using a ligand-based therapy enables the targeting of the costimulatory molecules to the tumor site by fusion to tumor-targeting antibodies and thereby avoiding localization to normal tissues.
Over the past several years, our laboratory has developed a unique antibody targeting approach for the immunotherapy of solid tumors. Designated ''tumor necrosis treatment'' (TNT), this approach exploits the presence of leaky necrotic cells within tumors by using monoclonal antibodies directed against universal and stable nuclear antigens retained by the cell ghost (38, 39) . Because accumulation of necrotic cell debris is characteristic of essentially all solid tumors (39) , TNT has potential diagnostic and therapeutic applications for most human and animal malignancies and has been used to deliver a number of cytokines and chemokines to solid tumors of the BALB/c mouse (40 -49) . Biodistribution and imaging studies have confirmed the targeting abilities of these reagents, and immunotherapeutic experiments using tumor-bearing mice showed the potential of this approach in the suppression of tumor growth (47 -49) .
In the present study, the immunotherapeutic potential of both targeted and untargeted CD137L fusion proteins was compared with the antitumor effects of 2A, a CD137 agonist antibody previously shown to have potent activity against solid tumors (16) . In vitro, the bioactivity of the CD137L moiety was confirmed for both reagents, and standard immunotherapeutic protocols showed that all three reagents had curative or highly suppressive antitumor activity in the Colon 26 tumor model. Mechanistic studies identified that CD8 + CTL were responsible for the observed tumor regression in these therapeutic studies. Based upon our results, it seems that both targeted and untargeted CD137L are promising reagents for the immunotherapy of solid tumors. By providing physiologic costimulation in tumor and accessory lymphoid organs, these novel reagents may provide an alternative approach to the use of potentially toxic agonist antibodies.
Materials and Methods
Antibodies and cell lines. Anti-CD3 (145-11C clone), PE-anti CD4 (RM4-5 clone), PE-anti-CD8a (53-6.7 clone), PE-anti-CD25 (PC61 clone), PE-anti-CD11c (HL3 clone), PE-anti-CD49b (DX5 clone) monoclonal antibody, and horseradish peroxidase-streptavidin were purchased from BD PharMingen. Hybridomas, including rat antimouse CD4 (GK1.5), anti-CD8h (H35), and anti-CD25 (PC61) monoclonal antibodies, were purchased from the American Type Culture Collection. The hybridoma producing the anti-CD137 agonist antibody 2A was a kind gift from Dr. Lieping Chen (Johns Hopkins Medical School, Baltimore, MD). For immunohistochemical staining, both primary rabbit anti-mouse granzyme B polyclonal antibody and secondary biotinylated goat anti-rabbit IgG polyclonal antibody were purchased from Abcam, Inc.
The NS0 murine myeloma cell line was obtained from Lonza Biologics. The Colon 26 murine colorectal adenocarcinoma cell line was obtained from the American Type Culture Collection.
Reagents and mice. The Glutamine Synthetase Gene Amplification System with expression plasmids pEE6/hCMV-B and pEE12 was purchased from Lonza Biologics. The plasmid pORF, containing the murine CD137L cDNA, was purchased from Invivogen. Restriction endonucleases, T4 DNA ligase, Vent polymerase, and other molecular biology reagents were obtained from either New England Biolabs or Boehringer Mannheim. Characterized and dialyzed FCS were purchased from Hyclone Corp., and RPMI 1640, Hybridoma Selective Medium without L-glutamine, MEM nonessential amino acids solution (100Â), and PBS were purchased from Life Technologies. Iodine-125 ( 125 I) was obtained from DuPont/New England Nuclear as sodium iodide in 0.1 N sodium hydroxide. The murine interleukin-2 (IL-2) ELISA kit was purchased from BD Biosciences.
Six-week-old female BALB/c mice were obtained from Harlan Sprague-Dawley. All experiments were done in accordance with Institutional Animal Care and Use Committee protocols and institutional guidelines for the proper humane care and use of animals in research.
Construction of TNT-3/CD137L. The heavy chain of mTNT-3, preceded by an antibody leader sequence, was amplified by PCR using primers 5 ¶-AGCTCTAGAGCCGCCACCATGGGATGGAGCGGGATCT-TT-3 ¶ and 5 ¶-GGAATTCAGGCGGCCGCTTTTACCCGGAGTCCGGGAG-AA-3 ¶. The whole cDNA sequence was inserted into a pEE12 vector by XbaI and EcoRI. The cDNA sequence of the extracellular region of murine CD137L (excluding the transmembrane region) was amplified by PCR using primers 5 ¶-AAGGAAAAAAGCGGCCGCACC-GAGCCTCGGCCAGCG-3 ¶ and 5 ¶-GGCGAATTCTCATTCCCATGGGTT-GTC-3 ¶, and this sequence was then inserted into the pEE12 vector, 3 ¶ to the mTNT-3 heavy chain, by NotI and EcoRI. The resultant fusion gene in the pEE12 vector was cotransfected with mTNT-3 light chain in pEE6 vector into NS0 cells by electroporation.
Construction of Fc/CD137L. The antibody leader sequence was amplified using primers 5 ¶-AGCTCTAGAGCCGCCACCATGGGATG-GAGCGGGATCTTT-3 ¶ and 5 ¶-ATTGTGGGCCCTCTGGGCTCGGAGTG-GACACCTCCAGTTA-3 ¶. The Fc/CD137L cDNA sequence (including hinge region, CH2, CH3 domain, and CD137L extracellular domain) was amplified using primers 5 ¶-TAACTGGAGGTGTCCACTCCGAGCC-CAGAGGGCCCACAAT-3 ¶ and 5 ¶-GGCGAATTCTCATTCCCATGGGTT-GTC-3 ¶. An assembly PCR was done to align the previous two PCR products using primers 5 ¶-AGCTCTAGAGCCGCCACCATGGGATGGA-GCGGGATCTTT-3 ¶ and 5 ¶-GGCGAATTCTCATTCCCATGGGTTGTC-3 ¶. The resultant fusion gene was inserted to a pEE12 vector by XbaI and EcoRI and transfected by electroporation into NS0 cells.
Expression and purification of TNT-3/CD137L and Fc/CD137L. The TNT-3/CD137L and Fc/CD137L were expressed in NS0 murine myeloma cells for long-term stable expression as per the manufacturer's protocol (Lonza Biologics). The highest-producing clones, determined by indirect ELISA screening for murine Fc, were scaled-up for incubation in an aerated 3-or 8-liter stir flask bioreactor using 5% heat-inactivated dialyzed FCS to eliminate the induction of proteolytic enzymes by the NS0 cells during incubation and to protect against fusion protein breakage. The secreted fusion protein was then purified from clarified cell culture supernatant by tandem protein-A affinity and ion-exchange chromatography, as described previously (44) . Both fusion proteins were confirmed to produce a single peak by highperformance liquid chromatography analysis (data not shown). The fusion proteins were also analyzed by ELISA to verify the presence and proper folding of the CD137L extracellular domain and were analyzed by SDS-PAGE to ensure proper assembly and purity.
In vitro activity assay. The bioactivity of the CD137L moiety was determined by ELISA measurement of IL-2 production from splenocytes aseptically removed from 6-week-old female BALB/c mice. After the RBC were lysed using the BD Pharm Lyse Lysing buffer (BD PharMingen), single-cell suspensions were washed twice in PBS and incubated in a 24-well plate (1.5 Â 10 6 per well) precoated with 5 Ag/mL anti-CD3 (145-11C clone) in the presence of 2 Ag/mL TNT-3/ CD137L, Fc/CD137L, or 2A. After 48 h, IL-2 production was determined by sandwich ELISA (BD Biosciences) for the above culture supernatants according to the manufacturer's protocol. All assays were done in triplicate.
Pharmacokinetics and biodistribution studies. For whole-body clearance studies, groups of 6-week-old female BALB/c mice (n = 5) were provided drinking water with potassium iodide beginning 1 week before the administration of radioiodine to block thyroid uptake. Each group received an i.v. injection of 125 I-labeled fusion protein (30 ACi/ 10 Ag per mouse). The whole-body radioactivity of each mouse was then measured at various time intervals, beginning with the immediate post-injection period, using a CRC-7 microdosimeter (Capintec, Inc.). The data were analyzed, as previously described (44), to calculate the whole-body half-life of TNT-3/CD137L and Fc/CD137L.
For biodistribution analysis, groups of BALB/c mice (n = 5) were s.c. injected in the left flank with a 0.2-mL inoculum of 5 Â 10 6 Colon 26 cells. The tumors were allowed to grow until they reached f0.5 cm in diameter. Each mouse then received an i.v. injection of 0.1 mL 125 I-labeled fusion protein (30 ACi/10 Ag per mouse). Groups of mice (n = 5) were then sacrificed by sodium pentobarbital overdose at 24 and 48 h after injection, and tumors and normal organs were dissected, weighed, and measured for radioisotope activity with a gamma counter. Data were expressed for each group of mice as the percent injected dose/gram of tissue (%ID/g) and tumor to normal organ ratio. From these data, the mean F SD was calculated for each group. Significance levels (P values) were determined using the Wilcoxon rank-sum test.
Immunotherapeutic studies. Six-week-old female BALB/c mice were s.c. injected in the left flank with a 0.2-mL inoculum containing f5 Â 10 6 Colon 26 cells. When tumors reached 0.5 cm in diameter, at approximately the 5th day after tumor implantation, groups of mice (n = 5) were i.v. treated with a 0.1-mL inoculum containing various concentrations of TNT-3/CD137L, Fc/CD137L fusion proteins, or 2A agonist antibody. A dosing study was done for doses ranging from 10 pmol per dose to 1 nmol per dose daily Â5. All groups of mice were treated daily Â5, and tumor growth was monitored every other day by caliper measurement in three dimensions. Tumor volume was calculated by the formula length Â width Â height. The results were expressed as the mean F SD. Significance levels (P values) were determined using the Wilcoxon rank-sum test.
Survival study. Group of BALB/c mice (n = 5) were injected with Colon 26 cells as described above. Five days after tumor implantation, mice were treated with 1 nmol per dose Fc/CD137L or TNT-3/CD137L daily Â5, and survival of the mice was recorded for 120 days. Significance levels (P values) were determined using the Wilcoxon rank-sum test.
Depletion of lymphocyte subsets in vivo. To deplete CD4 + and CD8 + T cells, 5 days after tumor implantation and every 5 days thereafter, 0.5 mg anti-CD4 antibody (GK1.5) and 0.5 mg anti-CD8 (H35) were injected i.p. using a 1-mL inoculum in PBS. Depletion of specific T-cell subsets was confirmed by fluorescence-activated cell sorting analysis of lymph nodes of inoculated mice using antibody clones that differ from those used for depletion (data not shown).
Fluorescence-activated cell sorting analysis of tumor-infiltrating lymphocytes. Mice from the control group, the TNT-3/CD137L (500 pmol per dose) -treated group, and the Fc/CD137L (500 pmol per dose) -treated group were sacrificed by sodium pentobarbital overdose 19 days following tumor implantation. Tumors were weighed, and tumor-infiltrating lymphocytes and monocytes were isolated as described previously (37) . Fluorescence-labeled anti-CD4, anti-CD8, anti-CD11b, anti-CD11c, anti-CD25, anti-CD45R, and anti-CD49b antibodies were used to stain the tumor-infiltrating lymphocytes for fluorescence-activated cell sorting analysis, along with anti-CD62L and anti-CCR7. After gating on lymphocytes and monocytes, the percentages of subpopulations were calculated based on antibody binding.
Morphologic and immunohistochemical studies. Tumors and tumordraining lymph nodes from treated and control Colon 26 -bearing mice were removed on day 15 after tumor implantation. Tumors were fixed in 10% neutral buffered formalin (VWR Scientific), and paraffinembedded sections from Colon 26 tumor -bearing mice were stained with H&E for morphologic studies. For immunohistochemical analysis, unstained sections of paraffin-embedded tissues were mounted on poly-L-lysine -coated slides, deparaffinized in Histoclear, and rehydrated using 100% and 95% alcohol. Endogenous hydrogen peroxidase was quenched with 3% hydrogen peroxide in absolute methanol for 20 min. Slides were then subjected to antigen retrieval for 30 min in a microwave oven (citrate buffer, pH 6.0) and subsequently cooled at room temperature for 15 min. Normal horse serum was added for Fig. 1 . Schematic diagram of the construction and final assembly of the murine (A) TNT-3/CD137L and (B) Fc/CD137L fusion proteins. C, electrophoretic analysis of the purified TNT-3/CD137L and Fc/CD137L using Coomassie blue^stained 4% to 15% reducing SDS-PAGE. MW, molecular weight. 20 min to block nonspecific binding in the tissue sections. This was followed by incubation with primary antibody overnight at room temperature and biotinylated secondary antibody for 30 min thereafter. Avidin-biotin peroxidase was added for 30 min, followed by color development with 0.03% diaminobenzidine for 10 min. A wash step with phosphate buffer solution for 10 min was done between each step. Finally, slides were counterstained with hematoxylin for 2 min and dehydrated using 95% and 100% alcohol, a-terpineol xylene, and xylene. Microscopic findings were recorded by an Optronix digital camera.
Results
Construction, expression, and purification of TNT-3/CD137L and Fc/CD137L fusion proteins. Taking into account the importance of the extracellular COOH terminus of CD137L for its bioactivity, the NH 2 terminus of the extracellular CD137L gene was fused to the COOH terminus of the mTNT-3 heavychain gene to engineer both TNT-3/CD137L and Fc/CD137L fusion genes (Fig. 1A and B) . Both TNT-3/CD137L and Fc/ CD137L were translated under an antibody leader sequence.
Proper assembly of the TNT-3/CD137L and Fc/CD137L fusion proteins was shown by 4% to 15% reducing SDS-PAGE (Fig. 1C) . Two defined bands were resolved for TNT-3/CD137L at f28 and 85 kDa, corresponding to the molecular weights of the immunoglobulin light chain and heavy chain plus the CD137L extracellular region after glycosylation, respectively (1). For the Fc/CD137L, >97% of this fusion protein resolved at 70 kDa, which corresponds to the molecular weight of Fc plus the CD137L extracellular region after glycosylation. One weak band was resolved at the molecular weight of 40 kDa, indicating that <3% of Fc/CD137L was cleaved during expression.
Bioactivity of CD137L moiety. To determine whether the CD137L moiety of the fusion proteins retained their biological activity, an IL-2 production assay was done. As shown in Fig. 2A , the CD137L fusion proteins induced IL-2 production in the presence of bound anti-CD3, compared with anti-CD3 alone. 2A (39) , TNT-3/CD137L, and Fc/CD137L were each able to provide the costimulatory second signal needed to induce the production of similar levels of IL-2 by mouse splenocytes. This stands in contrast to the testing of a molecule previously constructed by our lab using the same NS0 amplification system. LFA-3/Fc, unlike the CD137L molecules, did not induce IL-2 production (data not shown). Taken together, these data show the potency of the CD137L moieties of both fusion proteins.
In vivo pharmacokinetic and biodistribution studies. Wholebody clearance studies were done in healthy BALB/c mice to establish the in vivo half-life of TNT-3/CD137L and Fc/CD137L. Mice were injected i.v. with the radiolabeled fusion protein, and whole-body radioactivity was measured at various time points using a microdosimeter. The whole-body half-lives of TNT-3/CD137L and Fc/CD137L were found to be 18 h F 15 min (P V 0.01) and 24 h F 20 min (P V 0.01), respectively.
Tissue biodistribution studies in Colon 26 tumor -bearing BALB/c mice were done to determine the relative tumor uptake of each fusion protein. Tumor and normal tissue uptake was measured 24 and 48 h after i.v. administration of radiolabeled TNT-3/ CD137L and Fc/CD137L. As shown in Fig. 2B , the uptake of TNT-3/CD137L per gram of tumor was significantly higher than the uptake in normal organs at 24 h (P V 0.01) and showed even higher retention at 48 h (P V 0.01) after injection. As expected, Fc/CD137L showed low tumor retention over time despite its slightly longer half-life. Examination of the tumor-draining lymph nodes, an important site for tumor immunotherapy, revealed that TNT-3/CD137L shows slightly better uptake than Fc/CD137L at 24 and 48 h after injection (Fig. 2) . However, the average tumor-draining lymph node retention of TNT-3/CD137L was still much lower than that measured in tumor.
Immunotherapeutic dosing studies. A dosing study was done on Colon 26 -bearing BALB/c mice, with doses ranging from 10 to 1 nmol per dose of TNT-3/CD137L, Fc/CD137L, and the anti-CD137 agonist antibody 2A (Fig. 3) . At 10 pmol per dose, no significant tumor reduction was observed in any of the treatment groups. At 100 pmol per dose (15 Ag per dose) and 250 pmol per dose (37.5 Ag per dose), 2A-treated mice showed 95% tumor volume reduction, whereas TNT-3/CD137L and Fc/ CD137L treatment resulted in 30% to 40% tumor reduction at day 19 after tumor implantation. At 500 pmol per dose, however, the TNT-3/CD137L group showed 70% tumor reduction, whereas the Fc/CD137L -treated mice achieved only 30% tumor reduction. This difference suggests that at this dosage, localization of CD137L is more effective. At 1 nmol per dose, however, both TNT-3/CD137L -and Fc/CD137L -treated groups showed 80% tumor reduction, and 2A-treated groups continued to show 95% tumor reduction. All 2A-treated groups (except 10 pmol per dose group) eventually became tumor-free (data not shown). All treated mice were free of signs of toxicity throughout the 140-day observation period.
Survival studies. In the 1 nmol per dose treatment groups, survival of mice was recorded for up to 140 days after tumor implantation (Fig. 4) . One hundred percent of 2A-treated mice, 60% of TNT-3/CD137L -treated mice, and 40% of Fc/ CD137L -treated mice survived for the 140 days, whereas none of the PBS-treated mice survived 140 days (100% of the control mice died at around day 50 after tumor implantation). Mice from all of the three treated groups survived significantly longer than the control group (P < 0.001).
Characterization of tumor-infiltrating lymphocytes. Because the 500 pmol per dose treatment groups in the dosing experiments showed the highest separation in results with Research.
on May 28, 2017. © 2007 American Association for Cancer clincancerres.aacrjournals.org Downloaded from respect to tumor volume, an analysis of the relative composition of tumor-infiltrating lymphocytes by flow cytometry was done at this dose. At day 19 after tumor implantation, mice from the 500 pmol per dose treatment groups were sacrificed, and tumor-infiltrating immune cells were stained for lymphocyte, monocyte, and dendritic cell markers. The stained cells were analyzed by flow cytometry, and the percentages of subpopulations among all detected tumor-infiltrating lymphocytes were calculated (Table 1) .
A comparison of the lymphocyte subpopulations among the CD137L fusion protein treatment groups showed that the CD8 + natural killer cells were not found to vary significantly at day 19, although at day 14, the effectiveness of treatment was found to correlate with degree of natural killer cell infiltration (data not shown).
Morphologic and immunohistochemical studies. Six days after the completion of treatment, tumors were removed from Colon 26 -bearing mice treated with daily Â5 injections of 1 nmol per dose TNT-3/CD137L and Fc/CD137L. As shown in Fig. 5A , H&E staining of the tumors revealed extensive central necrosis in those groups of mice treated with TNT-3/CD137L and Fc/ CD137L. By contrast, necrosis was also present in PBS-treated control mice, although it was much more localized and less extensive. A similar percentage of granzyme B -positive cells were seen in the tumor-draining lymph nodes of all treatment groups (Fig. 5B) . Granzyme B -positive cells were found to infiltrate central necrotic areas and viable peripheral regions of tumor broadly in mice treated with CD137L fusion proteins but were much fewer in number in tumors from control-treated mice (Fig. 5C) .
Combination treatment studies with CD4 + and CD8 + T-cell depletion. To assess the role of CD4 + and CD8 + T cells in CD137L-mediated immunotherapy, T-subset depletion studies were done with cytotoxic antibodies against CD4 + and CD8 + cells. Anti-CD4 antibody (Clone GK1.5) and anti-CD8 antibody (Clone H35) were injected i.p. on the 5th day after tumor implantation, and these procedures were repeated every 5 days. Depletion was confirmed by fluorescence-activated cell sorting (data not shown). As shown in Fig. 6 , CD8 + T-cell depletion completely abrogated TNT-3/CD137L and Fc/CD137L antitumor effects, indicating that tumor suppression was dependent on this subpopulation of T cells. In contrast, CD4 + T-cell depletion alone caused significant tumor regression similar to that seen with CD4 + T-cell depletion and CD137L fusion protein combination therapy.
Discussion
CD137L is a member of the TNF superfamily and provides a costimulatory signal to T cells. It is expressed on dendritic cells, activated macrophages, and B cells (8 -10) . The interaction between CD137L and CD137 on activated T cells is essential for an adaptive T-cell response and, like other costimulatory molecules, may play a very important role in tumor immunotherapy.
In this study, CD137L was genetically linked to the murine TNT-3 antibody, which targets necrotic regions of solid tumors (38) , and to the Fc region of murine TNT-3, which creates a comparable but non-targeted reagent. Both reagents have similar in vivo pharmacokinetic properties and stability. Although soluble Fc does not target to tumor, it does bind Fc receptor -positive cells, which can correctly present the costimulatory molecule to T cells. An in vitro activity assay confirmed the biological activity of the CD137L moiety on both fusion proteins, and immunotherapeutic studies indicated that both CD137L fusion proteins exerted antitumor effects and produced tumor-free mice in a large percentage of treated animals.
In terms of biodistribution, several differences exist between the two fusion proteins. Fc/CD137L primarily distributed to mouse liver, with limited tumor uptake consistent with levels seen in the blood pool. Fc/CD137L uptake in all tissues including tumor decreased from 24 to 48 h, as expected for non-targeting proteins (Fig. 2B) . By contrast, TNT-3/CD137L showed a 5-fold higher tumor uptake versus Fc/CD137L at Research.
on May 28, 2017. © 2007 American Association for Cancer clincancerres.aacrjournals.org Downloaded from 24 h, with a 40% increase in tumor uptake at 48 h. The differential distribution of the fusion proteins into tumor likely necessitated the requirement of a larger dosage of Fc/ CD137L (1 nmol per dose) to achieve levels of tumor regression similar to those induced by TNT-3/CD137L (500 pmol per dose). At higher doses, however, the therapeutic effects of the two fusion proteins did not differ significantly. At 140 days after tumor implantation, the survival rates of tumorbearing mice treated with TNT-3/CD137L (1 nmol per dose) and Fc/CD137L (1 nmol per dose) were 60% and 40%, respectively (Fig. 4) . At higher doses, both CD137L fusion proteins induced 80% tumor regression (Fig. 3) and similar amounts of tumor necrosis and infiltration by granzyme B -secreting cells (Fig. 5) .
Necrosis was a consistent finding in treated Colon 26 tumors. Morphologic analysis of tumors at day 15 after implantation ( Fig. 5A) showed massive central necrosis in tumors from mice treated with CD137L fusion proteins, compared with much less extensive and more focal necrosis in tumors from the control group. This finding suggests that the extent of central necrosis is indicative of the effectiveness of antitumor treatment in the Colon 26 tumor model. Using different tumor models, Blohm et al. (51) also associated the extent of necrosis with the effectiveness of antitumor therapy. They reported that after antigen-specific CD8 + T-cell attack, the destruction of tumor architecture and the presence of significant central necrosis correlated with tumor suppression. It has been amply shown that the major effector cells that destroy tumor and cause necrosis are activated, antigen-specific CD8 + T cells (51). Various mechanisms exist by which CD8 + T cells destroy tumors cells, including the induction of apoptosis through CD95 ligation, the secretion of lytic granules containing perforin and granzyme B, and the production of pro-inflammatory cytokines (52, 53) .
Interestingly, when comparing the granzyme B -secreting T cells in the tumor-draining lymph node with the ones in tumors, clear differences were noted. Clusters of granzyme Bsecreting cells in equal numbers were seen in all tumor-draining lymph nodes in all treatment groups (Fig. 5B) . In sections of these tumors, granzyme B -positive cells broadly infiltrated central necrotic areas and viable peripheral tumor, whereas these cells were much fewer in number in sections from untreated control tumors (Fig. 5C ). These observations suggest that although activated CD8 + T cells are present in tumors from mice in all groups, the actual number of activated CD8 + T cells inside of the tumor is a critical factor for successful immunotherapy. In patient studies using vector-mediated immunization with tumor antigens, Yang et al. (54) showed that higheravidity CTLs were produced by costimulation of antigenpresenting cells. Identified by tetramer dissociation methods, these higher-avidity CTLs correlated with better immune variables and were only produced in those patients receiving a combination of costimulatory molecules as part of the vaccination boost. Hence, tumor suppression may be caused by both higher numbers of infiltrating CD8 + cells as well as higher-avidity CTLs. In future experiments, it would therefore be useful to measure CTL avidity along with CTL numbers to get a more complete picture of the nature of the immunologic response seen in the tumor.
Additional mechanistic studies confirmed that tumor regression of the Colon 26 model is CD8 + dependent. Although fluorescence-activated cell sorting analysis of tumor-infiltrating lymphocytes showed the presence of CD4 + T cells, CD8 + T cells, CD11c + dendritic cells, CD11b monocytes, CD25 + T regulatory cells, and natural killer cells (Table 1) , only the relative percentage of CD8 + T cells and CD11b + macrophages correlated strongly and positively with the effectiveness of treatment, such that the higher this percentage, the greater the tumor regression. In the final analysis, the critical role of CD8 + Fig. 6 . Combination immunotherapy of CD137L fusion proteins and deleted T-cell subsets. A, deletion of CD4 and CD8 subpopulations only. B, TNT-3/CD137L treatment alone and in combination withT-cell subset deletion. C, Fc/CD137L treatment alone and in combination withT-cell subset deletion.
T cells as the effector cells was confirmed by studies in which CD8
+ T cells were depleted systemically (Fig. 6) + T regulatory cells might result in a more active population of CD8 + T cells, leading to a better therapeutic effect. In support of this theory, combination treatment of TNT-3/ CD137L with systemic depletion of CD25 + cells using the rat antibody PC61 achieved higher levels of tumor regression than TNT-3/CD137L alone (data not shown), as was previously shown for the combination therapy with the LEC/chTNT-3 chemokine fusion protein produced by our laboratory (47) .
In studies analyzing tumor-infiltrating lymphocytes, 2A-treated mice bore the highest percentage of CD8 + T cells in tumor among all the treatment groups (Table 1) . These results correlate with the immunotherapeutic dosing study, which showed that relatively small doses of 2A produced complete tumor regression (Fig. 3) . These studies showed that 2A was able to elicit a greater immune response than the CD137L fusion proteins in vivo as might be expected because of the increased biological half-life of the reagent in vivo. Interestingly, previous studies using sarcoma Ag104-bearing mice showed similar data in that the CD137 agonist antibody showed greater antitumor effects than did tumor cells transfected to express CD137L (24, 25) . The differential therapeutic response induced by the CD137 agonist antibody and the natural ligands may also be attributable to the fact that different intracellular signaling pathways are triggered upon CD137 ligation. In our hands, we have observed the intracellular production of both IFN-g and TNF-a in murine T cells treated with 2A, whereas only IFN-g production was triggered by CD137L fusion protein treatment (data not shown).
In the past, collective evidence has shown that many of the surface-bound receptor/ligand pairs of the TNFR/TNF superfamily (including CD137/CD137L, CD134/CD134L, GITR/ GITRL, and CD27/CD27L) are integral to the generation and preservation of the T cells that carry out various effector functions in an antitumor immune response. Together, these receptor/ligand pairs provide signals essential for T-cell function and survival through independent or overlapping pathways. It is evident that members of the TNF family of proteins synergize with each other under certain circumstances, and indeed, CD137L has been shown by others to have synergistic effects with OX40L in generating the clonal expansion and effector function of CD8 + T cells (55) . Similarly, ongoing studies conducted in our laboratory showed that CD137L and GITRL have synergistic immunotherapeutic effects in Colon 26 -bearing mice. 1 In conclusion, we have described the generation and characterization of two CD137L fusion proteins that induce CD8 + T-cell -dependent antitumor responses in the Colon 26 tumor model. Although both fusion proteins were able to induce significant tumor suppression, it seems that targeting CD137L to tumor may be more effective than using the untargeted reagent. Moreover, a targeted fusion protein using the natural CD137 ligand is likely to have less toxic side effects than untargeted soluble Fc or than long-acting agonistic antibodies such as 2A. Accordingly, TNT-3/CD137L may be the molecule of choice for future clinical trials.
